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(57) ABSTRACT

A cache memory provided in the central processing unit is
configured to include a data field which stores data in a main
memory unit, a tag field which stores management informa-
tion on data stored in the data field, and a valid bit which stores
information about whether the data stored in the data field and
the management information stored in the tag field are valid
or invalid. Nonvolatile memory cells are used as memory
cells which are components of the data field, the tag field, and
the valid bit. Further, a power controller is provided for the
central processing unit, and the power controller is configured
to selectively supply power supply voltage to the data field,
the tag field, and the valid bit when the cache memory is
accessed from an arithmetic unit provided in the central pro-
cessing unit.
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1
CENTRAL PROCESSING UNIT AND
DRIVING METHOD THEREOF

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a central processing unit
and a driving method thereof.

2. Description of the Related Art

Central processing units (CPUs) have a variety of architec-
tures depending on their usage, and an architecture called a
stored-program method is a predominant architecture of
CPUs. In a stored-program CPU, an instruction and data
needed for carrying out the instruction are stored in a semi-
conductor memory unit (hereinafter simply referred to as a
memory unit), and the instruction and the data are sequen-
tially read from the memory unit, whereby the instruction is
carried out.

The memory unit includes, besides a main memory unit for
storing data and instructions, a cache memory which can
perform data writing and data reading at high speed. In order
to reduce access to the low-speed main memory unit and
speed up the arithmetic processing, a cache memory is pro-
vided in an information processing unit to be located between
an arithmetic unit (also referred to as an operation part) or a
control unit (also referred to as a control part) of the informa-
tion processing unit and the main memory unit. In general, a
static random access memory (SRAM) or the like is used as a
cache memory. For example, Patent Document 1 discloses a
structure in which a volatile memory such as an SRAM and a
nonvolatile memory are used in combination as a cache
memory.

The capacitance of a cache memory provided in a central
processing unit increases year after year. Accordingly, the
proportion of power consumption of a cache memory to the
total consumption of a central processing unit remarkably
increases; thus, various methods have been suggested in order
to reduce power consumption of the cache memory.

For example, a method in which a cache memory is divided
into several blocks and the less frequently used blocks (also
referred to as lines) acquired by historical information are
operated with a low threshold voltage has been suggested.
Further, a method for stopping power supply to a cache line
which is less likely to be accessed has also been suggested.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2008-276646

SUMMARY OF THE INVENTION

The idea in the description of the related art is based on the
assumption that the cache memory is operated constantly. In
that situation, a means for reducing power consumption such
that power supply voltage to be supplied is reduced or that
power supply itself is stopped is performed for a part (here-
inafter also referred to as a selected area) of the cache
memory, so that areas other than the selected area consume
power constantly.

Therefore, the effect of reducing power consumption of a
central processing unit varies depending on the use condition
of'a cache memory (e.g., a state in which data throughput is
increased and there are few selected areas of the cache
memory, and the like).
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Inview ofthe foregoing technical background, an object of
the present invention is to provide a central processing unit
with reduced power consumption.

Further, another object of the present invention is to pro-
vide a method for driving the central processing unit.

An object of the present invention is a method for reducing
power consumption of the central processing unit in which
the power consumed in the areas other than the selected area
of the cache memory described above is focused and such
power is reduced so that power consumption of the central
processing unit is reduced.

Specifically, first, the cache memory provided in the central
processing unit is configured to include a data field which
stores part of data in a main memory unit, a tag field which
stores management information on data stored in the data
field, and a valid bit which is included in the tag field and
which stores information about whether the data stored in the
data field and the management information stored in the tag
field are valid or invalid. Secondary, nonvolatile memory cells
which can store written data even when power is not supplied
are used as memory cells which are components of the data
field, the tag field, and the valid bit.

Thirdly, the central processing unit is configured to include
a power controller, and the power controller is configured to
stop supply of power supply voltage to the data field, the tag
field, and the valid bit the whole time when the cache memory
is not accessed (e.g., the cache memory does not receive
requests for reading) from an arithmetic unit provided in the
central processing unit, and configured to selectively supply
power supply voltage to the data field, the tag field, and the
valid bit when the cache memory is accessed.

Note that “power supply voltage is supplied to a data field”
can also be expressed that “power supply voltage is supplied
to a memory cell that is a component of a data field”. The
same applied to a tag field and a valid bit.

An idea that power consumption of the central processing
unit with the above-described structure can be further reduced
as compared with that of a general central processing unit is
briefly described with reference to FIGS. 7A and 7B and
FIGS. 8A and 8B.

FIGS. 7A and 7B and FIGS. 8A and 8B are diagrams each
schematically illustrating operating condition of the central
processing unit in a cache memory 702 provided with a plu-
rality of cache lines 714 each including a data field 708, a tag
field 710, and a valid bit 712. FIGS. 7A and 7B are diagrams
schematically illustrating operating conditions of a general
central processing unit. FIGS. 8 A and 8B are diagrams sche-
matically illustrating operation conditions of a central pro-
cessing unit described in this specification and the like. In
FIGS. 7A and 7B and FIGS. 8A and 8B, a shaded portion
represents that power supply voltage is supplied, and a no
shaded portion represents that power supply voltage is not
supplied.

A volatile memory cell (e.g. a static random access
memory (SRAM)) in which written data is changed when
power supply voltage is not supplied is used in each of the
data field 708, the tag field 710, and the valid bit 712 which are
included in the cache memory 702 shown in FIGS. 7A and
7B. Aregister, a cache memory, or the like is generally formed
using a volatile memory unit in which data is erased when
supply of power supply voltage is stopped. Thus, as shown in
FIG. 7A, even when the cache memory 702 is not accessed
from the outside (e.g., an arithmetic unit), power supply volt-
age is constantly supplied to the data field 708 (also expressed
as a memory cell provided for the data field 708), the tag field
710 (also expressed as a memory cell provided for the tag field
710), and the valid bit 712 (also expressed as a memory cell
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provided for the valid bit 712) though there are some differ-
ence in the amount of power supply voltage.

As a method for reducing power consumption of the cache
memory 702, supply of power supply voltage to the cache line
714 which is seldom accessed from the outside of the cache
memory 702 (e.g., there are very few reading requests from
the arithmetic unit)) is stopped (see FIG. 7B). Note that opera-
tion may be performed in which supply of power supply
voltage is not completely stopped and minimum power sup-
ply voltage that is enough to hold the state of stored data is
supplied; however, the fact remains that power is consumed in
the cache line 714 in which such operation is not performed.

The cache memory described in this specification and the
like corresponds to the general cache memory in that a plu-
rality cache lines each including the data field 708, the tag
field 710, and the valid bit 712 exist; however, the cache
memory described in this specification and the like is formed
using a nonvolatile memory cell in which written data can be
stored even when power supply voltage is not supplied to the
data field 708, the tag field 710, and the valid bit 712, so that
supply of power supply voltage to all the cache lines 714 can
be stopped as shown in FIG. 8 A when data transmission and
reception to/from the outside of the cache memory 702 (e.g.,
an arithmetic unit and the like) is not performed.

Further, in this specification and the like, a novel structure
capable of reducing power consumption is proposed regard-
ing a state of startup (also referred to as a state of power
supply) of the cache memory 702 in a case where data trans-
mission and reception from/to the outside of the cache
memory 702 is performed. Here, an example of an idea about
the state of startup is described with reference to FIG. 8B.

First, power supply voltage is supplied to the valid bit 712
included in the cache memory 702, and which of the cache
lines stores valid data is determined (see FIG. 8B, data “1” is
considered as valid data in FIG. 8B); then, power supply
voltage is supplied only to a tag field in the cache line which
is determined that the data is valid.

Using the data stored in the tag field, which of the data
fields stores necessary data (e.g., data requested by an arith-
metic unit for reading request) is determined and power sup-
ply voltage is supplied only to the data field which has deter-
mined that the necessary data is stored.

Accordingly, while supply of power supply voltage is sup-
pressed, access to the necessary data can be made, so that
power consumption of the central processing unit can be
reduced.

In order to supply power supply voltage to only some of the
data fields and the tag fields as described above, a structure
may be employed in which a power controller is provided
between a cache memory and a power unit which supplies
power to the central processing unit and the power controller
is properly operated using the arithmetic unit provided in the
central processing unit.

The arithmetic unit not only controls the operation state of
the power controller but also determines the data stored in the
cache memory 102 (e.g., the determination as to which of
cache lines stores effective data).

That is, one embodiment of the present invention is a
central processing unit including a cache memory provided
with a plurality of cache lines each including a data field
which stores part of data in a main memory unit, a tag field
which stores management information on data stored in the
data field, and a valid bit which is included in the tag field and
which stores information about whether the data stored in the
data field and the management information stored in the tag
field are valid or invalid; a power controller which determines
states of power supply to the data field, the tag field, and the
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valid bit; and an arithmetic unit which makes a first determi-
nation as to whether the data stored in the valid bit is valid or
invalid and a second determination as to whether an address
of data required is consistent with the data stored in the tag
field, and outputs a result of the first determination and a
result of the second determination to the power controller.
The data field, the tag field, and the valid bit are each formed
using a memory cell which stores written data even when
power supply voltage is not supplied. When data transmission
and reception from the arithmetic unit to the cache memory is
not performed, the power controller stops supply of power
supply voltage to the data field, the tag field, and the valid bit;
and when data transmission and reception from the arithmetic
unit to the cache memory is performed, the power controller
performs supply of power supply voltage to the valid bit, to
the tag field in the cache line which is determined that the data
stored in the valid bit is valid by the first determination, and to
the data field in the cache line which is determined that the
address of the data required is consistent with the data stored
in the tag field by the second determination.

The central processing unit has the above-described struc-
ture, so that power supply voltage can be supplied to only
some of the data fields and the tag fields. Thus, power con-
sumption of the central processing unit can be reduced.

In the above structure, it is preferable that the power con-
troller be configured to stop supply of power supply voltage to
the valid bit after the first determination by the arithmetic unit
or at the time of the first determination, in which case power
consumption of the central processing unit can be further
reduced.

Further, in the above structure, it is preferable that the
power controller be configured to stop supply of power sup-
ply voltage to the tag field after the second determination by
the arithmetic unit or at the time of the second determination,
in which case power consumption of the central processing
unit can be further reduced.

Another embodiment of the present invention is a method
for driving a central processing unit including a cache
memory provided with a plurality of cache lines each includ-
ing a data field which stores part of data in a main memory
unit, a tag field which stores management information on data
stored in the data field, and a valid bit which is included in the
tag field and which stores information about whether the data
stored in the data field and the management information
stored in the tag field are valid or invalid; a power controller
which determines states of power supply to the data field, the
tag field, and the valid bit; and an arithmetic unit which makes
a first determination as to whether the data stored in the valid
bitis valid or invalid and a second determination as to whether
anaddress of data required is consistent with data stored in the
tag field, and outputs a result of the first determination and a
result of the second determination to the power controller.
The data field, the tag field, and the valid bit are each formed
using a memory cell which stores written data even when
power supply voltage is not supplied. The method includes
the steps of by the power controller, stopping supply of power
supply voltage to the data field, the tag field, and the valid bit
when data transmission and reception from the arithmetic
unit to the cache memory is not performed. When data stored
in the cache memory is read by the arithmetic unit, the fol-
lowing six processing is performed. As first processing, the
power controller supplies power supply voltage to the valid
bit; as second processing, the arithmetic unit makes the first
determination and outputs the result to the power controller;
as third processing, the power controller supplies power sup-
ply voltage to the tag field in the cache line which is deter-
mined to be valid in the second processing; as fourth process-
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ing, the arithmetic unit makes the second determination and
outputs the result to the power controller; as fifth processing,
the power controller supplies power supply voltage to the data
field in the cache line which is determined to be consistent in
the fourth processing; and as sixth processing, the arithmetic
unit reads the data in the data field to which power supply
voltage is supplied in the fourth processing.

The central processing unit is operated using the above-
described driving method, so that power supply voltage can
be selectively supplied to some of the data fields and the tag
fields. Thus, power consumption of the central processing
unit can be reduced.

In addition to the above-described driving method, by per-
forming either or both of the following: stop of the supply of
power supply voltage to the valid bit after the first determi-
nation by the arithmetic unit or at the time of the first deter-
mination; and stop of the supply of power supply voltage to
the tag field after the second determination or at the time of
the second determination, power consumption of the central
processing unit can be further reduced.

As described in this specification and the like, nonvolatile
memory cells are used as memory cells which are compo-
nents of the data field, the tag field, and the valid bit, and the
power controller is configured to stop supply of power supply
voltage to the data field, the tag field, and the valid bit the
whole time when the cache memory is not accessed from the
arithmetic unit, and configured to selectively supply power
supply voltage to the data field, the tag field, and the valid bit
when the cache memory is accessed. Thus, only when the
cache memory is accessed from the arithmetic unit, part of the
cache memory is operated so that necessary processing (e.g.,
data reading from the cache memory to the arithmetic unit) is
performed, so that power consumption of the central process-
ing unit can be drastically reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 illustrates a configuration of a central processing
unit;

FIG. 2 illustrates an example of a power controller;

FIGS. 3A to 3C each illustrate an idea of the state of power
supply in a cache memory;

FIGS. 4A and 4B each illustrate an idea of the state of
power supply in a cache memory;

FIGS. 5A and 5B each illustrate an example of a configu-
ration of a nonvolatile memory cell;

FIGS. 6A to 6C each illustrate an example of a structure of
a nonvolatile memory cell;

FIGS. 7A and 7B each illustrate an idea of the state of
power supply in a cache memory;

FIGS. 8A and 8B each illustrate an idea of the state of
power supply in a cache memory; and

FIGS.9A to 9E are diagrams illustrating electronic devices
each including a central processing unit.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the invention disclosed in this
specification will be described with reference to the accom-
panying drawings. Note that the present invention is not lim-
ited to the following description and it will be readily appre-
ciated by those skilled in the art that modes and details can be
modified in various ways without departing from the spirit
and the scope of the present invention. Therefore, the inven-
tion should not be construed as being limited to the descrip-
tion in the following embodiments.
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Note that in the following embodiments, the same portions
or portions having similar functions are denoted by the same
reference numerals in different drawings, and explanation
thereof will not be repeated.

Note that the position, size, range, or the like of each
component illustrated in drawings and the like is not accu-
rately represented in some cases for easy understanding.
Therefore, the disclosed invention is not necessarily limited
to the position, size, range, or the like as disclosed in the
drawings and the like.

Note that a node in this specification and the like means an
element (e.g., a wiring) which enables electric connection
between elements included in a circuit. Therefore, a “node to
which A is connected” is a wiring which is electrically con-
nected to A and can be regarded as having the same potential
as A. Note that even when the one or more elements (e.g., a
switch, a transistor, a capacitor, an inductor, a resistor, or a
diode) which enable electric connection is/are inserted in the
wiring, a portion on the wiring which is connected to a ter-
minal of the element(s) on a side opposite to A can be
regarded as the “node to which A is connected” as long as the
portion has the same potential as A.

Embodiment 1

In this embodiment, a configuration of a central processing
unit is described with reference to FIG. 1 and FIG. 2, and an
example of a method for driving the central processing unit is
described with reference to FIGS. 3A to 3C.

(Configuration Example of Central Processing Unit)

FIG. 1 illustrates an example of a configuration of a central
processing unit described in this specification and the like.

As shown in FIG. 1, a central processing unit 100 includes
a cache memory 102, a power controller 104, and an arith-
metic unit 106.

The central processing unit 100 is connected to a power
unit 116 and a main memory unit 118. Power supply voltage
is supplied from the power unit 116 to the cache memory 102
and the arithmetic unit 106 via the power controller 104, and
part of data in the main memory unit 118 is stored in the cache
memory 102.

The cache memory 102 is provided with a cache line 114
including a data field 108 which stores part of data in the main
memory unit 118, a tag field 110 which stores management
information on data stored in the data field 108, and a valid bit
112 which is included in the tag field 110 and which stores
information about whether data stored in the data field 108
and the tag field 110 is valid or invalid. Note that the data field
108, the tag field 110, and the valid bit 112 are each formed
using a nonvolatile memory cell capable of storing written
data even when power supply voltage is not supplied from the
power unit 116 via the power controller 104. In this specifi-
cation and the like, the valid bit 112 is included in the tag field
110; however, it is not necessarily included in the tag field
110, and the valid bit 112 and the tag field 110 may be
separately provided.

As anonvolatile memory cell, for example, a flashmemory,
a magnetoresistive random access memory (MRAM), a fer-
roelectric random access memory (FeRAM), a resistance ran-
dom access memory (ReRAM), or the like can be used.

Further, a memory cell with nonvolatile properties can be
obtained by the use of a transistor (the transistor is also
referred to as an OS transistor in this specification and the
like) in which an oxide semiconductor material is used for a
semiconductor layer (a region where at least a channel is
formed) for a part of a component of a memory cell.
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A structure of the memory cell with nonvolatile properties,
in which an OS transistor is used for part of the component is
described in detail in Embodiment 3.

As described above, the cache memory 102 includes the
data field 108, the tag field 110, and the valid bit 112, and the
data field 108, the tag field 110, and the valid bit 112 are each
formed using a nonvolatile memory cell capable of storing
written data even when power supply voltage is not supplied;
thus, supply of power supply voltage to all the data field 108,
the tag field 110, and the valid bit 112 can be stopped when the
cache memory 102 is not accessed from the outside (e.g., the
arithmetic unit 106).

The power controller 104 has a function of determining
which part of the cache memory 102 is to be supplied with
power supply voltage from the power unit 116 and to which
part of the cache memory 102 the supply of power supply
voltage is to be stopped, based on a signal from the arithmetic
unit 106.

A structure of the power controller 104 is not particularly
limited as long as the above-described function is included,
and a circuit configuration and the like can be decided as
appropriate by a practitioner.

For example, as shown in FIG. 2, switch elements 200a
capable of selecting on/off state in accordance with an
instruction from the arithmetic unit 106 are provided for
power lines connected to each of a plurality of memory cells
included in the data field 108, switch elements 2005 capable
of selecting on/off state in accordance with an instruction
from the arithmetic unit 106 are provided for power lines
connected to each of a plurality of memory cells included in
the tag field 110, and switch elements 200c¢ capable of select-
ing on/off state in accordance with an instruction from the
arithmetic unit 106 are provided for power lines connected to
each of a plurality of memory cells included in the valid bit
112, so that these switch elements 200a, 2005, and 200¢c may
collectively serve as the power controller 104.

In the circuit configuration in FIG. 2, power supply for all
the data field 108, the tag field 110, and the valid bit 112 can
be controlled per line; however, power supply for the valid bit
112 is not necessarily controlled per line. For example, power
supply for all lines of the valid bit 112 may be performed by
the power controller 104 at the same time, or stopped at the
same time.

Further, the circuit configuration in FIG. 2 is just one
example of the configuration of the power controller 104, and
thus the configuration of the power controller 104 is not
limited thereto. As described above, it is acceptable as long as
the power controller 104 has a function of determining which
part of the cache memory 102 is to be supplied with power
supply voltage from the power unit 116 and to which part of
the cache memory 102 the supply of power supply voltage is
to be stopped, based on a signal from the arithmetic unit 106.

As described above, the power controller 104 has a struc-
ture in which power supply from the power unit 116 to the
data field 108, the tag field 110, and the valid bit 112 can be
controlled in accordance with the instruction from the arith-
metic unit 106; thus, the central processing unit can access
(access so as to obtain or update the information on data or an
instruction) to the necessary data while suppressing the
amount of power supply voltage to be supplied from the
power unit 116 to the cache memory 102, so that power
consumption of the central processing unit 100 can be
reduced.

The arithmetic unit 106 has functions of determining
whether the data stored in the valid bit 112 is valid or invalid
(hereinafter referred to as “a first determination”) and deter-
mining whether management information on data required by
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the arithmetic unit 106 is consistent with management infor-
mation on data stored in the tag field 110 (hereinafter referred
to as “a second determination”) and outputting the results of
the first determination and the second determination to the
power controller 104.

The above is the description of the configuration of the
central processing unit in this embodiment.

(Example of Method for Driving Central Processing Unit)

Next, an example of a method for driving the central pro-
cessing unit 100 is described with reference to FIGS. 3A to
3C. Note that FIGS. 3A to 3C are diagrams schematically
showing how the state of power supply changes in the cache
memory 102 by performing the method for driving the central
processing unit 100 described in this embodiment.

In the driving method below, description is made on read-
ing operation in which the arithmetic unit 106 reads the data
stored in the data field 108 assuming that part of the data in the
main memory unit 118 is stored in the data field 108 of the
cache memory 102.

First, as first processing, at the time when it is determined
that the arithmetic unit 106 starts reading of necessary data, a
signal indicating the determination is output from the arith-
metic unit 106 to the power controller 104, and the power
controller 104 that has been received the signal starts supply
of power supply voltage to the valid bits 112 of all lines
provided in the cache memory 102 (see FIG. 3A).

In order that power supply voltage is supplied to the valid
bits 112 of all lines provided in the cache memory 102 as
described above, with reference to FIG. 2, for example, the
switch elements in a range 210 (that is, the switch elements
200c¢ provided for power lines connected to the valid bits 112)
among the plurality of switch elements in the power control-
ler 104 are turned on.

Accordingly, the data stored in the nonvolatile memory cell
of the valid bit 112 of each line can be read out.

Note that hereinafter, data “1” means valid data, and data
“0” means invalid data.

Next, as second processing, the arithmetic unit 106 makes
the first determination as to whether the data stored in the
valid bit 112 of each line is valid (data “1”) or invalid (data
“0”), and outputs a signal indicating the result of the deter-
mination to the power controller 104.

As third processing, the power controller 104 that has
received the signal indicating the result of the first determi-
nation starts supply of power supply voltage to a tag field 110
in a line where data of the valid bit 112 is valid among a
plurality of tag fields 110 provided in the cache memory 102
(see FIG. 3B).

In order to supply power supply voltage to the tag field 110
in a line where data of the valid bit 112 is valid as described
above, with reference to FIG. 2, for example, the switch
elements 2005 connected to the tag field 110 in the line where
data of the valid bit 112 is valid among the switch elements in
a range 220 are turned on.

Accordingly, the data stored in the nonvolatile memory cell
of'the tag field 110 where supply of power supply voltage has
started can be read out.

As fourth processing, the arithmetic unit 106 compares
management information on data necessary for the arithmetic
unit 106 (in the description below, the management informa-
tion is denoted by “1111”) and management information on
data stored in the tag field 110 to which power supply voltage
is supplied, and makes a second determination as to which of
the cache lines 114 stores the data necessary for the arithmetic
unit 106, and outputs to the power controller 104 a signal
indicating which of data fields 108 stores the data necessary
for the arithmetic unit 106.
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In order to supply power supply voltage to the data field
108 in which the data necessary for the arithmetic unit 106 is
stored, with reference to the circuit diagram in FIG. 2, a
switch element 200a connected to the data field 108 in which
the data necessary for the arithmetic unit 106 is stored among
the switch elements in a range 230 is turned on.

As fifth processing, the power controller 104 that has
received the signal indicating the result of the second deter-
mination starts supply of power supply voltage to the data
field 108 in which the data necessary for the arithmetic unit
106 is stored among a plurality of data fields 108 provided in
the cache memory 102 (see FIG. 3C).

Next, as sixth processing, the arithmetic unit 106 reads out
the data stored in the data field 108 to which power supply
voltage is supplied. After the sixth processing, supply of
power supply voltage to the cache memory 102 is stopped.
The memory cells in the cache memory 102 is formed using
nonvolatile memory cells, so that data can be held even after
the supply of power supply voltage is stopped.

The above is the description of the method for driving the
central processing unit in this embodiment.

Effect of Embodiment 1

As described above, nonvolatile memory cells are used for
the memory cells which are components of the data field 108,
the tag field 110, and the valid bit 112; supply of power supply
voltage to the data field 108, the tag field 110, and the valid bit
112 is kept stopped when the cache memory 102 is not
accessed from the arithmetic unit 106; and power supply
voltage is selectively supplied to the data field 108, the tag
field 110 and the valid bit 112 using the power controller 104
when the cache memory 102 is accessed. Thus, only when the
cache memory 102 is accessed from the arithmetic unit 106,
part of the cache memory is operated to perform necessary
processing, so that power consumption of the central process-
ing unit can be drastically reduced.

The method for driving the central processing unit includes
the following steps (1) to (6). (1) Power supply voltage is
supplied to the valid bits 112 using the power controller 104.
(2) The arithmetic unit 106 determines which of the plurality
of'valid bits 112 is valid. (3) Power supply voltage is supplied
only to the tag field 110 in the cache line 114 which is
determined that the data is valid. (4) The arithmetic unit 106
determines which of the tag fields 110 to which power supply
voltage is supplied stores data necessary for the arithmetic
unit 106. (5) Power supply voltage is supplied only to the data
field 108 in the cache line 114 including the tag field 110. (6)
The arithmetic unit 106 reads out the data from the data field
108 to which power supply voltage is supplied.

Embodiment 2

In this embodiment, a method for driving the central pro-
cessing unit 100 described in Embodiment 1, which is difter-
ent from the method in Embodiment 1, and an advantage of
using the driving method are described with reference to
FIGS. 4A and 4B.

The driving method to be described in this embodiment can
be performed using a structure that is basically the same as
that of the central processing unit described in Embodiment
1; however, control operation of the power controller is partly
different.

As shown in FIG. 3 A, the power controller 104 described in
Embodiment 1 performs control operation in which after
power supply voltage is supplied to the valid bits 112, the
supply of power supply voltage to all the valid bits 112 is kept.
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Further, as shown in FIG. 3B, the power controller 104
performs the control operation in which after power supply
voltage is supplied to selected tag fields 110, the supply of
power supply voltage to all the selected tag fields 110 is kept.

Inthe case where the power controller 104 which performs
such control operation is used in the central processing unit
100, the power controller 104 only needs to perform the first
determination (the determination whether the data stored in
the valid bit 112 is valid or invalid), the second determination
(the determination whether the address of data required is
consistent with the data stored in the tag field), and the supply
of power supply voltage based on the determinations, which
is effective in the case of reading data from the cache memory
102 at high speed.

On the other hand, this embodiment is effective in reducing
power consumption of the central processing unit 100
because it is an object of this embodiment to further reduce
power consumption of the central processing unit 100 com-
pared to that in Embodiment 1 by the use of the power con-
troller 104 whose control operation is partly changed.

An example of a method for driving the central processing
unit 100 when the power controller 104 whose control opera-
tion is partly changed is used is described below with refer-
ence to FIGS. 4A and 4B. FIGS. 4A and 4B each show that
how the state of power supply changes in the cache memory
102 by performing the driving method described in this
embodiment.

The driving method described below mainly describes dif-
ference from Embodiment 1; thus, detailed description simi-
lar to those in Embodiment 1 is omitted.

Further, in the description of this embodiment, part of the
data in the main memory unit 118 is stored in the cache
memory 102 similar to the description in Embodiment 1.

First, the first processing is performed as in Embodiment 1,
and power supply voltage is supplied to the valid bits 112.

Next, the second processing (the arithmetic unit 106 per-
forms the first determination on the basis of the data stored in
the valid bit 112 in each line and outputs a signal for trans-
mitting the result of the determination to the power controller
104) is performed. In the driving method described in this
embodiment, the arithmetic unit 106 outputs to the power
controller 104 a signal for stopping supply of power to the
valid bit 112 in which valid data is not stored (in other words,
data “0” is stored) after the end of the first determination or at
the time of the first determination in the second processing, so
that the power controller 104 which has received the signal
stops the supply of power supply voltage to the valid bit 112
in which valid data is not stored (hereinafter, this operation is
denoted by seventh processing).

By the above processing, in the cache memory 102, power
supply voltage is supplied to shaded portions as shown in the
state of supply of power supply voltage in FIG. 4A.

Inthe case of the driving method described in Embodiment
1, power supply voltage is also supplied in vertical line por-
tions in FIG. 4A in addition to the shaded portions in FIG. 4A;
however, power supply voltage to the vertical line portion can
be stopped by the seventh processing. Thus, power consump-
tion in the central processing unit 100 can be reduced.

Note that the seventh processing is performed between the
end of the first determination and before the start of the
second determination and is preferably performed after the
end of the first determination or at the time of the first deter-
mination in the second processing. That is, in order to
enhance the effect of reducing power consumption of the
central processing unit 100, the supply of power supply volt-
age to an unnecessary portion (a portion in which valid data is
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not stored) in the valid bits 112 is preferably stopped before
the power supply voltage is supplied to the tag fields 110.

Next, the third processing is performed as in Embodiment
1, and power supply voltage is supplied to the tag field 110
which is in the same line as the valid bit 112 which is deter-
mined to be valid in the second processing.

Next, the fourth processing (the arithmetic unit 106 per-
forms the second determination on the basis of the manage-
ment information stored in the tag field 110 to which power
supply voltage is supplied and outputs a signal for transmit-
ting the result of the determination to the power controller
104) is performed. In the driving method described in this
embodiment, the arithmetic unit 106 outputs to the power
controller 104 a signal for stopping supply of power to tag
fields 110 in lines other than the line in which data necessary
for the arithmetic unit 106 is stored after the end of the second
determination or at the time of the second determination in the
fourth processing, so that the power controller 104 which
receives the signal stops the supply of power supply voltage to
the tag field 110 in the lines in which the data necessary for the
arithmetic unit 106 is not stored (hereinafter also denoted by
eighth processing).

By the above processing, in the cache memory 102, power
supply voltage is supplied to shaded portions as shown in the
state of supply of power supply voltage in FIG. 4B.

In the case ofthe driving method described in Embodiment
1, power supply voltage is also supplied to vertical line por-
tions in FIG. 4B in addition to the shaded portions in FIG. 4B;
however, power supply voltage to the vertical line portions
can be stopped by the eighth processing. Thus, power con-
sumption of the central processing unit 100 can be reduced.

The eighth processing is performed between the end of the
second determination and before the sixth processing and is
preferably performed after the end of the second determina-
tion or at the time of the second determination which is
performed in the fourth processing. That is, in order to
enhance the effect of reducing power consumption of the
central processing unit 100, the supply of power supply volt-
age to unnecessary portions in the tag field 110 (the tag field
110 in lines other than the line in which data necessary for the
arithmetic unit 106 is stored) is preferably stopped before the
data stored in the data field 108 is read out.

After that, as in Embodiment 1, after the fifth processing
and the sixth processing are performed, supply of power to the
cache memory 102 is stopped. Since non-volatile memory
cells are used for the memory cells provided for the cache
memory 102, data can be held even after the supply of power
supply voltage is stopped.

The above is the description of the method for driving the
central processing unit in this embodiment.

In this embodiment, in order to enhance the effect of reduc-
ing power consumption of the central processing unit 100, the
driving method including both the seventh processing and the
eighth processing is illustrated; however, it is not necessary to
perform both the seventh processing and the eighth process-
ing, and either of them may be performed. Whether either one
or both the seventh processing and the eighth processing are
performed is determined as appropriate by a practitioner in
consideration of power consumption and operation speed
which are required for the central processing unit 100.

Effect of Embodiment 2

As described above, the central processing unit is driven by
the above-described driving method with the use of the power
controller 104 in which the seventh processing and the eight
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processing are performed as control operation, so that power
consumption can be suppressed.

Embodiment 3

In this embodiment, a configuration of a memory cell with
nonvolatile properties, in which an OS transistor is used for
part of the component, which is described in Embodiment 1 is
described.

As a memory cell with nonvolatile properties, examples of
structures shown in FIGS. 5A and 5B can be given.

FIG. 5A is an example of a structure of a memory cell with
nonvolatile properties, and a transistor 500 and a capacitor
502 are connected in series. The structure itself is generally
used in a DRAM and the like; however, an OS transistor is
used as the transistor 500. One of a source and a drain of the
transistor 500 is connected to a bit line 504, and a gate of the
transistor 500 is connected to a word line 506. Further, one of
electrodes of the capacitor 502 is connected to the other of the
source and the drain of the transistor 500, and the other
electrode of the capacitor 502 is connected to a fixed potential
(e.g., a ground potential).

The energy gap of a semiconductor layer thatis used for the
transistor 500 and is formed using an oxide semiconductor
material is greater than or equal to 3.0 eV, which is much
larger than the band gap of silicon (1.1 eV).

The off-resistance of the transistor (resistance between
source and drain when the transistor is in an off-state) is
inversely proportional to the concentration of carriers ther-
mally excited in the semiconductor layer where a channel is
formed. Since the band gap of'siliconis 1.1 eV even in a state
where there is no carrier caused by adonor or an acceptor (i.e.,
even in the case of an intrinsic semiconductor), the concen-
tration of thermally excited carriers at room temperature (200
K) is approximately 1x10'* cm™>.

On the other hand, in the case of a semiconductor whose
band gap is 3.2 eV (an oxide semiconductor, here), the con-
centration of thermally excited carriers is approximately
1x1077 cm™. When the electron mobility is the same, the
resistivity is inversely proportional to the carrier concentra-
tion, and thus the resistivity of the semiconductor having a
band gap of 3.2 eV is higher by 18 digits than that of silicon.

Such a transistor in which an oxide semiconductor material
having a wide band gap is used for a semiconductor layer (OS
transistor) can realize an extremely small off-state current.

Accordingly, an OS transistor is used for the transistor 500
connected to the capacitor 502 as illustrated in FIG. 5A (such
a transistor can also be referred to as a transistor which con-
trols input/output of a signal to/from the capacitor); the tran-
sistor 500 is turned on in accordance with a signal from the
word line 506; and the transistor 500 is turned off in accor-
dance with the signal from the word line 506 while a signal
from the bit line 504 is supplied to the one of the electrodes of
the capacitor 502. In this manner, a signal input through the
bit line 504 can be stored in a region (which corresponds to a
node 508 in FIG. 5A) between the other of the source and the
drain of the transistor 500 and the one of the electrodes of the
capacitor 502 for a long time even when power is not supplied
to the memory cell (writing).

After that, the transistor 500 is turned on in accordance
with the signal from the word line 506, so that data stored in
the node 508 can be read out (reading). Note that in the case
where the signal read from the memory cell is small, a signal
amplifier such as a sense amplifier may be provided in the
output path as necessary.

FIG. 5B is an example of a structure of a memory cell with
nonvolatile properties. The memory cell described includes a
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first transistor 510, a second transistor 512, and a capacitor
514, in which one of a source and a drain of the first transistor
510 is connected to a first line 521 (1st line), a gate of the first
transistor 510 is connected to a second line 522 (2nd line), one
of a source and a drain of the second transistor 512 is con-
nected to a third line 523 (3rd line), and the other of the source
and the drain of the second transistor 512 is connected to a
fourth line 524 (4th line). Further, one of electrodes of the
capacitor 514 is connected to the other of the source and the
drain of the first transistor 510 and a gate of the second
transistor 512, and the other of the electrodes of the capacitor
514 is connected to a fifth line 525 (5th line).

As shown in FIG. 5B, the first transistor 510 is an OS
transistor; therefore, the first transistor 510 is turned on in
accordance with a signal from the second line 522, and the
first transistor 510 is turned oft in accordance with the signal
from the second line 522 while a signal from the first line 521
is supplied to the gate of the second transistor 512 and the one
of'the electrodes of the capacitor 514. In this manner, a signal
input through the first line 521 can be stored in a region
(which corresponds to a node 518 in FIG. 5B) among the
other of the source and the drain of the first transistor 510, the
gate of the second transistor 512, and one of the electrodes of
the capacitor 514 for a long time even when power is not
supplied to the memory cell (writing).

For data reading, an appropriate potential (a reading poten-
tial) is applied to the fifth line 525 while a predetermined
potential (a constant potential) is supplied to the third line 523
first, whereby the potential of the fourth line 524 varies
depending on the amount of charge stored in the node 518.
This is because in general, when the second transistor 512 is
an n-channel transistor, an apparent threshold voltage V,;, ,,
in the case where High level charge is given to the gate
electrode of the second transistor 512 is lower than an appar-
ent threshold voltage V,, ; in the case where Low level
charge is given to the gate electrode of the second transistor
512. Here, the apparent threshold voltage refers to the poten-
tial of the fifth line 525, which is needed to turn on the second
transistor 512. Thus, by setting the potential of the fifth line
525 to a potential V,, which is between V,, 5 and V,, ,,
charge given to the gate of the second transistor 512 can be
determined. For example, in the case where a High-level
charge is given in writing, when the potential of the fifth line
525issetto V, (>V,, 5), the second transistor 512 is turned
on. In the case where a Low-level charge is given in writing,
even when the potential of the fifth line 525 is set to
Vo (<V,, .),the second transistor 512 remains in an off state.
Therefore, the stored data can be read out by checking the
potential of the fourth line 524.

Note that in the case where memory cells are arrayed to be
used, it is necessary that only data of desired memory cells
can be read. In the case where such reading is not performed,
a potential at which the second transistor 512 is turned off,
that is, a potential smaller than V,, , may be given to the fifth
line 525 regardless of the state of the gate of the second
transistor 512. Alternatively, a potential at which the second
transistor 512 is turned on, that is, a potential higher than
V,,_p may be given to the fifth line 525 regardless of the state
of the gate of the second transistor 512.

The transistor 500 and the first transistor 510, which are OS
transistors, can be formed using the same apparatus and
method as those of a thin film transistor using silicon or the
like; therefore, there is an advantage that it can reduce the load
of new capital investment or a study of the manufacturing
method. Further, the OS transistor and a transistor including
a material other than an oxide semiconductor as a semicon-
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ductor layer (e.g., a transistor including single crystal silicon
as a semiconductor layer) can be stacked.

Here, FIGS. 6A to 6C illustrate an example of cross-sec-
tional views of a memory cell in which an OS transistor and a
transistor in which single crystal silicon is used for an active
layer are stacked as the first transistor 510 and the second
transistor 512 which are illustrated in the circuit configuration
in FIG. 5B, respectively.

Inthe memory cell in FIGS. 6 A to 6C, the second transistor
512 is formed on a single crystal silicon substrate 600, and the
first transistor 510 is formed over the second transistor.

The second transistor 512 includes low-resistance regions
604 which are provided in the single crystal silicon substrate
600 and function as a source and a drain; a channel formation
region 601 which is located in the single crystal silicon sub-
strate 600 and between the low-resistance regions 604; a gate
insulating film 606 over the channel formation region 601;
and a gate electrode 608 provided over the channel formation
region 601 with the gate insulating film 606 interposed ther-
ebetween.

The second transistor 512 is separated from another tran-
sistor by a separation layer 602 that is provided in the single
crystal silicon substrate 600. The low-resistance regions 604
of the second transistor 512 are electrically connected to
respective conductive films 612 provided over an interlayer
film 610 which covers the second transistor 512. Further, the
gate electrode 608 is provided with a sidewall insulating film
609 that covers a side surface of the gate electrode 608.

Materials and formation methods for the separation layer
602, the low-resistance regions 604, the gate insulating film
606, the gate electrode 608, the sidewall insulating film 609,
the interlayer film 610, and the conductive film 612 are not
particularly limited, and known techniques can be used.

The first transistor 510 includes an oxide semiconductor
film 620 provided over an insulating film 619, a conductive
film 622 electrically connected to the oxide semiconductor
film 620 and serving as the a source or the drain of the first
transistor 510, a gate insulating film 624 provided over the
oxide semiconductor film 620, and a gate electrode 626 pro-
vided over the oxide semiconductor film 620 with the gate
insulating film 624 interposed therebetween.

As the insulating film 619, with the use of a physical vapor
deposition (PVD) method such as a sputtering method, a
vacuum evaporation method, or a sputtering method, or a
chemical vapor deposition (CVD) method such as a plasma
CVD method, a film deposited using an inorganic insulating
film using silicon oxide, silicon nitride, silicon nitride oxide,
silicon oxynitride, aluminum oxide, aluminum nitride, alu-
minum nitride oxide, or the like can be used.

Note that a film from which oxygen is released by heat
treatment is preferably used as the insulating film 619. The
reason thereof'is as follows: when oxygen vacancy exists in a
channel formation region of the first transistor 510, electric
charge is generated due to the oxygen vacancy in some cases.
In general, part of oxygen vacancy in an oxide semiconductor
film serves as a donor to release an electron which is a carrier.
As a result, the threshold voltage of the transistor shifts in the
negative direction.

When the insulating film 619 is a film from which oxygen
is released by heat treatment, part of oxygen in the oxygen
supply film can be released by the heat treatment; therefore,
the oxygen can be supplied to the oxide semiconductor film
and oxygen vacancy in the oxide semiconductor film can be
filled, which can suppress the shift of the threshold voltage of
the transistor in the negative direction. In particular, the oxy-
gen supply film preferably contains oxygen which exceeds at
least the stoichiometric composition. For example, in the case
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where silicon oxide is used for the oxygen supply film, a film
of silicon oxide represented by SiO,,  (c>0) is preferably
used. Note that a region containing a larger amount of oxygen
than the stoichiometric composition (hereinafter referred to
as “an oxygen-excessive region” in some cases) may exist in
at least part of the oxygen supply film.

Note that the “film from which oxygen is released by heat
treatment” described above refers to a film in which the
amount of oxygen which is released when heated to 520° C.
and which is converted to oxygen atoms is greater than or
equal to 1.0x10"'° atoms/cm?, preferably greater than or equal
to 3.0x10"° atoms/cm?®, further preferably greater than or
equal to 1.0x10%° atoms/cm?, still further preferably greater
than or equal to 3.0x10?° atoms/cm?>.

Here, a method in which the amount of released oxygen is
measured using TDS analysis will now be described.

The amount of released gas in the TDS analysis is propor-
tional to an area of a peak originating from ions of the gas.
Therefore, the amount of the released gas can be calculated
from the ratio between the peak area of a sample and that of'a
standard sample. The peak area of the standard sample refers
to the ratio of the density of an atom contained in a sample to
the area of the peak originating from the ions of the released
gas.

For example, the amount of the released oxygen molecules
(Ng,) from an insulating film can be obtained according to
Formula 1 with the TDS analysis results of a silicon wafer
containing hydrogen ata known density which is the standard
sample and the TDS analysis results of the insulating film
which is the measurement sample. Here, all ions having a
mass-to-charge ratio (M/z) of 32 which are detected by the
TDS analysis are assumed to originate from an oxygen mol-
ecule. Although CH;OH can also be given as a molecule
having M/z of 32, it is not taken into consideration on the
assumption that it is unlikely to be present. Further, oxygen
molecules including an isotope of an oxygen atom having
M/z0f17 or 18 which is an isotope of an oxygen atom are also
not taken into consideration because the proportion of such
molecules in the natural world is minimal

[FORMULA 1]

M

N,
Noz = i XSop X
Stz

A value obtained by conversion of the amount of hydrogen
molecules desorbed from the standard sample into densities is
denoted by N,. The peak area of the hydrogen ion detected
in the case of the standard sample is denoted by S,,,. Here,
N,,»/S 5, is areference value of the standard sample. The peak
area of the oxygen ion detected in the case of the insulating
film is denoted by S,,. « is a coefficient which influences
spectrum intensity in the TDS analysis. Refer to Japanese
Published Patent Application No. H06-275697 for details of
the Formula 1. Note that the measurement can be carried out
with a thermal desorption spectroscopy apparatus produced
by ESCO Ltd., EMD-WA1000S/W using a silicon wafer
containing hydrogen atoms at 1x10'° atoms/cm? as the stan-
dard sample, for example.

In the TDS analysis, oxygen is partly detected as an oxygen
atom. The ratio between oxygen molecules and oxygen atoms
can be calculated from the ionization rate of the oxygen
molecules. Since the constant o includes the ionization rate of
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the oxygen molecules, the amount of the released oxygen
atoms can also be estimated from the amount of the released
oxygen molecules.

Note that N, is the amount of the released oxygen mol-
ecules. The amount of released oxygen when converted into
oxygen atoms is twice the number of the released oxygen
molecules.

For the introduction of oxygen into the oxide semiconduc-
tor layer, heat treatment performed under an oxygen atmo-
sphere, an ion implantation method, an ion doping method, a
plasma immersion ion implantation method, plasma treat-
ment performed under an atmosphere containing oxygen, or
the like can be employed.

Further, in the case where the hydrogen concentration in an
insulating film containing excess oxygen is greater than or
equal to 7.2x10%° atoms/cm?>, variation in initial characteris-
tics of the transistor is increased, an L. length dependence of
electrical characteristics of the transistor is increased, and the
transistor is significantly degraded by external stress; there-
fore, the hydrogen concentration in the insulating film con-
taining excess oxygen is preferably controlled to be less than
7.2x10%° atoms/cm®. In other words, the hydrogen concen-
tration in the oxide semiconductor film is preferably less than
or equal to 5x10'° atoms/cm>, and the hydrogen concentra-
tion in the insulating film containing excess oxygen is pref-
erably less than 7.2x10°° atoms/cm®. A method for forming a
film having a low hydrogen concentration will be described in
detail later.

Note that in the case where oxygen is supplied from the
oxygen supply film to the oxide semiconductor film by heat
treatment, it is preferable that a film having a low oxygen or
water vapor permeability (also referred to as a low moisture
permeability) be formed under the oxygen supply film (that
is, to a surface of the oxygen supply film opposite to the
surface in contact with the oxide semiconductor film) so that
oxygen released from the oxygen supply film can be supplied
to the oxide semiconductor film efficiently. For example,
under the oxygen supply film, an aluminum oxide film, an
aluminum oxynitride film, an aluminum nitride oxide film, or
the like may be formed as a barrier film. In the case of using
an aluminum oxide film, the aluminum oxide film preferably
has a high density (film density of higher than or equal to 3.2
g/cm’, preferably higher than or equal to 3.6 g/cm?®).

An oxide semiconductor material used for the oxide semi-
conductor film 620 contains at least indium (In). In particular,
In and zinc (Zn) are preferably contained. In addition, as a
stabilizer for reducing the variation in electric characteristics
of a transistor using the oxide, the oxide semiconductor pref-
erably contains gallium (Ga) in addition to In and Zn. Tin (Sn)
is preferably contained as a stabilizer. Hafnium (Hf) is pref-
erably contained as a stabilizer. Aluminum (Al) is preferably
contained as a stabilizer. Zirconium (Zr) is preferably con-
tained as a stabilizer.

As another stabilizer, one or plural kinds oflanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide; tin oxide; zinc oxide; a
two-component metal oxide such as an In—Zn-based oxide,
an In—Mg-based oxide, or an In—Ga-based oxide; a three-
component metal oxide such as an In—Ga—Z7n-based oxide
(also referred to as IGZO), an In—Al—Z/n-based oxide, an
In—Sn—Zn-based oxide, an In—Hf—Zn-based oxide, an
In—La—Zn-based oxide, an In—Ce—Zn-based oxide, an
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In—Pr—Zn-based oxide, an In—Nd—Zn-based oxide, an
In—Sm—Zn-based oxide, an In—FEu—Zn-based oxide, an
In—Gd—Zn-based oxide, an In—Tb—Zn-based oxide, an
In—Dy—Z7n-based oxide, an In—Ho—Zn-based oxide, an
In—FEr—Zn-based oxide, an In—Tm—Zn-based oxide, an

In—Yb—Zn-based oxide, or an In—Lu—Zn-based oxide; or
a four-component metal oxide such as an In—Sn—Ga—Z7n-
based oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—
Ga—Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, or an In—Hf —-Al—Zn-
based oxide.

Note that here, for example, an “In—Ga—Z7n-based
oxide” means an oxide containing In, Ga, and Zn as its main
components and there is no particular limitation on the ratio
of'In, Ga, and Zn. The In—Ga—Z7n-based oxide may contain
a metal element other than the In, Ga, and Zn.

Alternatively, a material represented by InMO,(Zn0),,
(m>0 is satisfied, and m is not an integer) may be used as an
oxide semiconductor. Note that M represents one or more
metal elements selected from Ga, Fe, Mn, and Co. Alterna-
tively, as the oxide semiconductor, a material expressed by a
chemical formula, In,SnO4(Zn0O),, (n>0, n is a natural num-
ber) may be used.

A structure of the oxide semiconductor film will be
described below.

An oxide semiconductor film is classified roughly into a
single-crystal oxide semiconductor film and a non-single-
crystal oxide semiconductor film. The non-single-crystal
oxide semiconductor film includes any of an amorphous
oxide semiconductor film, a microcrystalline oxide semicon-
ductor film, a polycrystalline oxide semiconductor film, a
c-axis aligned crystalline oxide semiconductor (CAAC-OS)
film, and the like.

The amorphous oxide semiconductor film has disordered
atomic arrangement and no crystalline component. A typical
example thereof is an oxide semiconductor film in which no
crystal part exists even in a microscopic region, and the whole
of the film is amorphous.

The microcrystalline oxide semiconductor film includes a
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Thus, the microcrystalline oxide semiconductor film has a
higher degree of atomic order than the amorphous oxide
semiconductor film. Hence, the density of defect states of the
microcrystalline oxide semiconductor film is lower than that
of the amorphous oxide semiconductor film.

The CAAC-OS film is one of oxide semiconductor films
including a plurality of crystal parts, and most of the crystal
parts each fit inside a cube whose one side is less than 100 nm.
Thus, there is a case where a crystal part included in the
CAAC-OS film fits inside a cube whose one side is less than
10 nm, less than 5 nm, or less than 3 nm. The density of defect
states of the CAAC-OS film is lower than that of the micro-
crystalline oxide semiconductor film. The CAAC-OS film is
described in detail below.

In a transmission electron microscope (TEM) image of the
CAAC-OS film, a boundary between crystal parts, that is, a
grain boundary is not clearly observed. Thus, in the CAAC-
OS film, a reduction in electron mobility due to the grain
boundary is less likely to occur.

According to the TEM image of the CAAC-OS film
observed in a direction parallel to a sample surface (cross-
sectional TEM image), metal atoms are arranged in a layered
manner in the crystal parts. Each metal atom layer has a shape
reflected by a surface over which the CAAC-OS film is
formed (hereinafter, a surface over which the CAAC-OS film
is formed is referred to as a formation surface) or a projection
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or a depression of a top surface of the CAAC-OS film, and is
arranged in parallel to the formation surface or the top surface
of the CAAC-OS film.

On the other hand, according to the TEM image of the
CAAC-OS film observed in a direction substantially perpen-
dicular to the sample surface (plan TEM image), metal atoms
are arranged in a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement
of metal atoms between different crystal parts.

From the results of the cross-sectional TEM image and the
plan TEM image, alignment is found in the crystal parts in the
CAAC-OS film.

A CAAC-OS film is subjected to structural analysis with an
X-ray diffraction (XRD) apparatus. For example, when the
CAAC-OS film including an InGaZnO,, crystal is analyzed by
an out-of-plane method, a peak appears frequently when the
diffraction angle (26) is around 31°. This peak is derived from
the (009) plane of the InGaZnO, crystal, which indicates that
crystals in the CAAC-OS film have c-axis alignment, and that
the c-axes are aligned in a direction perpendicular to the
formation surface or the top surface of the CAAC-OS film.

On the other hand, when the CAAC-OS film is analyzed by
an in-plane method in which an X-ray enters a sample in a
direction perpendicular to the c-axis, a peak appears fre-
quently when 20 is around 56°. This peak is derived from the
(110) plane of the InGaZnO,, crystal. Here, analysis (¢ scan)
is performed under conditions where the sample is rotated
around a normal vector of a sample surface as an axis (¢ axis)
with 20 fixed at around 56°. In the case where the sample is a
single-crystal oxide semiconductor film of InGaZnO,, six
peaks appear. The six peaks are derived from crystal planes
equivalent to the (110) plane. On the other hand, in the case of
a CAAC-OS film, a peak is not clearly observed even when 0
scan is performed with 20 fixed at around 56°.

According to the above results, in the CAAC-OS film hav-
ing c-axis alignment, while the directions of a-axes and
b-axes are different between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a forma-
tion surface or a normal vector of a top surface. Thus, each
metal atom layer arranged in a layered manner observed in the
cross-sectional TEM image corresponds to a plane parallel to
the a-b plane of the crystal.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS film or is formed through crystalliza-
tion treatment such as heat treatment. As described above, the
c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface. Thus, for example, in the case where a shape of
the CAAC-OS film is changed by etching or the like, the
c-axis might not be necessarily parallel to a normal vector of
a formation surface or a normal vector of a top surface of the
CAAC-OS film.

Further, the degree of crystallinity in the CAAC-OS film is
not necessarily uniform. For example, in the case where crys-
tal growth leading to the CAAC-OS film occurs from the
vicinity of the top surface of the film, the degree of the
crystallinity in the vicinity of the top surface is higher than
that in the vicinity of the formation surface in some cases.
Further, when an impurity is added to the CAAC-OS film, the
crystallinity in a region to which the impurity is added is
changed, and the degree of crystallinity in the CAAC-OS film
varies depending on regions.

Note that when the CAAC-OS film with an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to the peak of
20 at around 31°. The peak of 20 at around 36° indicates that
a crystal having no c-axis alignment is included in part of the
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CAAC-OS film. It is preferable that in the CAAC-OS film, a
peak of 26 appear at around 31° and a peak of 26 do not appear
at around 36°.

In a transistor using the CAAC-OS film, change in electric
characteristics due to irradiation with visible light or ultra-
violet light is small. Thus, the transistor has high reliability.

Note that an oxide semiconductor film may be a stacked
film including two or more films of an amorphous oxide
semiconductor film, a microcrystalline oxide semiconductor
film, and a CAAC-OS film, for example.

In this specification, a term “parallel” indicates that the
angle formed between two straight lines is greater than or
equal to —10° and less than or equal to 10°, and accordingly
also includes the case where the angle is greater than or equal
to —5° and less than or equal to 5°. In addition, a term “per-
pendicular” indicates that the angle formed between two
straight lines is greater than or equal to 80° and less than or
equal to 100°, and accordingly includes the case where the
angle is greater than or equal to 85° and less than or equal to
95°.

For the deposition of the CAAC-OS film, the following
conditions are preferably used.

By reducing the amount of impurities entering the CAAC-
OS film during the deposition, the crystal state can be pre-
vented from being broken by the impurities. For example, the
concentration of impurities (e.g., hydrogen, water, carbon
dioxide, or nitrogen) which exist in the deposition chamber
may be reduced. Specifically, a deposition gas with a dew
point of -80° C. or lower, preferably —100° C. or lower, more
preferably —120° C. or lower is used.

By increasing the substrate heating temperature during the
deposition, migration of a sputtered particle is likely to occur
after the sputtered particle is attached to a substrate surface.
Specifically, the substrate heating temperature during the
deposition is higher than or equal to 100° C. and lower than or
equal to 740° C., preferably higher than or equal to 200° C.
and lower than or equal to 500° C. By increasing the substrate
heating temperature during the deposition, when the flat-
plate-like sputtered particle reaches the substrate, migration
occurs on the substrate surface, so that a flat plane of the
flat-plate-like sputtered particle is attached to the substrate.

Furthermore, it is preferable that the proportion of oxygen
in the deposition gas be increased and the power be optimized
in order to reduce plasma damage at the deposition. The
proportion of oxygen in the deposition gas is 30 vol % or
higher, preferably 100 vol %. By increasing the proportion of
oxygen contained in the deposition gas, a CAAC-OS film is
more likely to be formed because an unnecessary atom such
as a rare gas does not enter the film

As an example of the sputtering target, an In—Ga—7n—0O
compound target is described below.

The In—Ga—7Zn—O0 compound target, which is polycrys-
talline, is made by mixing InO, powder, GaO,- powder, and
Zn0O, powder in a predetermined molar ratio, applying pres-
sure, and performing heat treatment at a temperature higher
than or equal to 1000° C. and lower than or equal to 1500° C.
Note that X, Y, and Z are each a given positive number. Here,
the predetermined molar ratio of InO, powder to GaO, pow-
der and ZnO, powder is, for example, 2:2:1, 8:4:3, 3:1:1,
1:1:1,4:2:3, or 3:1:2. The kinds of powder and the molar ratio
for mixing powder may be determined as appropriate depend-
ing on the desired sputtering target.

Note that since oxygen vacancy in the oxide semiconductor
film 620 is preferably reduced as much as possible, it is
preferable that the oxide semiconductor film used for forma-
tion of the oxide semiconductor film 620 be deposited with a
deposition atmosphere in which an oxygen gas accounts for a
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large proportion; therefore, it can be said that it is preferable
to use a sputtering apparatus into which oxygen can be intro-
duced and in which the gas flow rate can be adjusted. Further,
90% or more of the gas introduced into a deposition chamber
of the sputtering apparatus is an oxygen gas, and in the case
where another gas is used in addition to the oxygen gas, a rare
gas is preferably used. Further, it is more preferable that the
gas introduced into the deposition chamber be only an oxygen
gas and the percentage of an oxygen gas in the deposition
atmosphere be as closer to 100% as possible.

Further, when the oxide semiconductor film 620 contains a
large amount of hydrogen, the hydrogen and an oxide semi-
conductor are bonded to each other, so that part of the hydro-
gen serves as a donor and causes generation of an electron
which is a carrier. As a result, the threshold voltage of the
transistor shifts in the negative direction. Accordingly, the
hydrogen concentration in the oxide semiconductor film 620
is preferably lower than 5x10'® atoms/cm>, more preferably
lower than or equal to 1x10'® atoms/cm?, still more prefer-
ably lower than or equal to 5x10'7 atoms/cm’, further more
preferably lower than or equal to 1x10"° atoms/cm>. Note that
the concentration of hydrogen in the oxide semiconductor
film 620 is measured by secondary ion mass spectrometry
(SIMS).

For the above-described reason, it is preferable that the gas
used for deposition of the oxide semiconductor film 620 does
not contain an impurity such as water, hydrogen, a hydroxyl
group, or hydride. Further, it is preferable to use a gas having
apurity greater than or equal to 6N, preferably greater than or
equal to 7N (i.e., the impurity concentration in the gas is less
than or equal to 1 ppm, preferably less than or equal to 0.1
ppm).

Further, in deposition of the oxide semiconductor film 620,
in order to remove moisture (including water, water vapor,
hydrogen, a hydroxyl group, or hydroxide) in the deposition
chamber, an entrapment vacuum pump such as a cryopump,
an ion pump, or a titanium sublimation pump is preferably
used. The evacuation unit may be a turbo molecular pump
provided with a cold trap. From the deposition chamber
which is evacuated with a cryopump, a hydrogen atom, a
compound containing a hydrogen atom such as water (H,O)
(preferably, also a compound containing a carbon atom), and
the like are removed, whereby the concentration of impurities
such as hydrogen or moisture in the oxide semiconductor film
620 formed in the deposition chamber can be reduced.

Note that the oxide semiconductor film 620 may have a
structure in which a plurality of oxide semiconductor films
are stacked. For example, the oxide semiconductor film 620
may be a stack of the first oxide semiconductor film, the
second oxide semiconductor film, and the third oxide semi-
conductor film, which each have a different composition. For
example, the first oxide semiconductor film and the third
oxide semiconductor film may be formed using a three-com-
ponent metal oxide, and the second oxide semiconductor film
may be formed using a two-component metal oxide. In the
case where the materials containing the same components are
used, the second oxide semiconductor film can be formed
over the first oxide semiconductor film using a crystal layer of
the first oxide semiconductor film as a seed; therefore, crystal
growth of the second oxide semiconductor film can be easily
caused. The same applies to the third oxide semiconductor
film. In addition, in the case where the materials including the
same components are used, an interface property such as
adhesion or electric characteristics is good.

Further, the constituent elements of the first oxide semi-
conductor film, the second oxide semiconductor film, and the
third oxide semiconductor film may be the same and the
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compositions of the constituent elements of the first oxide
semiconductor film, the second oxide semiconductor film,
and the third oxide semiconductor film may be different. For
example, the first oxide semiconductor film and the third
oxide semiconductor film may have an atomic ratio of In:Ga:
Zn=1:1:1, and the second oxide semiconductor film may have
an atomic ratio of In:Ga:Zn=3:1:2. Alternatively, the first
oxide semiconductor film and the third oxide semiconductor
film may each have an atomic ratio of In:Ga:Zn=1:3:2, and
the second oxide semiconductor film may have an atomic
ratio of In:Ga:Zn=3:1:2.

At this time, the second oxide semiconductor film prefer-
ably contains more In than Ga. Further, the first oxide semi-
conductor film and the third oxide semiconductor film pref-
erably contain In and Ga at a proportion of In=Ga.

In an oxide semiconductor, the s orbital of heavy metal
mainly contributes to carrier transfer, and when the In content
in the oxide semiconductor is increased, overlap of the s
orbitals is likely to be increased. Therefore, an oxide having a
composition of In>Ga has higher mobility than an oxide
having a composition of In=Ga. Further, in Ga, the formation
energy of oxygen vacancy is larger and thus oxygen vacancy
is less likely to occur, than in In; therefore, the oxide having
a composition of In=Ga has more stable characteristics than
the oxide having a composition of In>Ga.

An oxide semiconductor having a composition of In>Ga is
applied to the second oxide semiconductor film which is not
in contact with the insulating film 619 or the gate insulating
film 624, and an oxide semiconductor having a composition
ofIn=Gais applied to the first oxide semiconductor film or the
third oxide semiconductor film which is in contact with the
insulating film 619 or the gate insulating film 624, whereby
mobility and reliability of a transistor can be increased.

Note that when the film (the insulating film 619, the gate
insulating film 624, or the like in the drawing) which is in
contact with and is different from the oxide semiconductor
film is formed, an impurity might be diffused into the oxide
semiconductor film from the film formed to be in contact with
the oxide semiconductor film. For example, when silicon,
carbon, or the like contained in the insulating film 619 or the
gate insulating film 624 is diffused into the oxide semicon-
ductor film, electrical characteristics of the transistor may be
adversely affected.

However, the oxide semiconductor film having higher
mobility described above (that is, a portion mainly serving as
a carrier path of the oxide semiconductor film) is provided
away from the film (the insulating film 619, the gate insulat-
ing film 624, or the like in the drawing) which is in contact
with the oxide semiconductor film, whereby an adverse effect
on electrical characteristics of the transistor due to impurity
diffusion can be suppressed.

Note that after a film for forming the oxide semiconductor
film 620 is deposited or after the oxide semiconductor film
620 is formed, “dehydration treatment (dehydrogenation
treatment)” and “peroxide treatment” described below may
be performed on the oxide semiconductor film. Needless to
say, when the transistor using the oxide semiconductor film
620 as the active layer has favorable electrical characteristics,
the treatment is not necessarily performed.
<Description of Dehydration Treatment (Dehydrogenation
Treatment)>

As dehydration treatment (dehydrogenation treatment), a
substrate may be heated at a temperature of higher than or
equal to 300° C. and lower than or equal to 700° C., or lower
than the strain point of the substrate. The heat treatment is
performed, whereby excess hydrogen (including water and a
hydroxyl group) can be removed.

10

15

20

25

30

40

45

50

55

60

65

22

As a heat treatment apparatus, it is possible to use an
electric furnace or an apparatus for heating an object to be
processed using thermal conduction or thermal radiation gen-
erated from a medium such as a heated gas. For example, a
rapid thermal annealing (RTA) apparatus such as a gas rapid
thermal annealing (GRTA) apparatus or a lamp rapid thermal
annealing (LRTA) apparatus can be used. An LRTA apparatus
is an apparatus for heating an object to be processed by
radiation of light (an electromagnetic wave) emitted from a
lamp such as a halogen lamp, a metal halide lamp, a xenon arc
lamp, a carbon arc lamp, a high pressure sodium lamp, or a
high pressure mercury lamp. A GRTA apparatus is an appa-
ratus for performing heat treatment using a high-temperature
gas. As the gas, an inert gas which does not react with an
object to be processed by heat treatment, such as nitrogen or
a rare gas such as argon is used.

For example, as the heat treatment, GRTA treatment may
be performed as follows. An object to be processed is put in an
inert gas atmosphere that has been heated, heated for several
minutes, and taken out from the inert gas atmosphere. The
GRTA process enables high-temperature heat treatment for a
short time. Moreover, the GRTA process can be employed
even when the temperature exceeds the upper temperature
limit of the object. Note that the inert gas may be switched to
a gas including oxygen during the process.

Note that as the inert gas atmosphere, an atmosphere that
contains nitrogen or arare gas (e.g., helium, neon, or argon) as
its main component and does not contain water, hydrogen, or
the like is preferably used. For example, the purity ofnitrogen
or a rare gas such as helium, neon, or argon introduced into a
heat treatment apparatus is greater than or equal to 6 N
(99.9999%), preferably greater than or equal to 7 N
(99.99999%) (that is, the concentration of the impurities is
less than or equal to 1 ppm, preferably less than or equal to 0.1
ppm).
<Description of Peroxide Treatment>

The dehydration or dehydrogenation treatment may be
accompanied by elimination of oxygen which is a main con-
stituent material for an oxide semiconductor film to lead to a
reduction in oxygen. Therefore, in the case where the dehy-
dration or dehydrogenation treatment is performed, oxygen is
preferably supplied to the oxide semiconductor film.

The oxygen vacancy in the oxide semiconductor film may
be filled in the following manner for example: after the oxide
semiconductor film is subjected to the dehydration treatment
(the dehydrogenation treatment), a high-purity oxygen gas, a
dinitrogen monoxide gas, a high-purity nitrous oxide gas, or
ultra dry air (the moisture amount is less than or equal to 20
ppm (=55° C. by conversion into a dew point), preferably less
than or equal to 1 ppm, more preferably less than or equal to
10 ppb, in the measurement with the use of a dew point meter
of a cavity ring down laser spectroscopy (CRDS) system)
may be introduced into the same furnace. It is preferable that
water, hydrogen, or the like be not contained in the oxygen
gas or the dinitrogen monoxide gas. Alternatively, the purity
of the oxygen gas or the dinitrogen monoxide gas which is
introduced into the heat treatment apparatus is preferably 6N
or higher, further preferably 7N or higher (i.e., the impurity
concentration in the oxygen gas or the dinitrogen monoxide
gas is preferably 1 ppm or lower, further preferably 0.1 ppm
or lower). Note that the pressure in the apparatus is set to be
high in the heat treatment, whereby oxygen can be efficiently
added to the oxide semiconductor film.

Alternatively, the oxygen vacancy in the oxide semicon-
ductor film can be filled in the following manner for example:
oxygen (including at least one of an oxygen radical, an oxy-
gen atom, and an oxygen ion) is added to the oxide semicon-
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ductor film by an ion implantation method, an ion doping
method, a plasma immersion ion implantation method,
plasma treatment, or the like.

As described above, the deposited oxide semiconductor
film is subjected to the dehydration treatment (the dehydro-
genation treatment), whereby hydrogen or moisture is
removed from the oxide semiconductor so that the oxide
semiconductor is purified so as to contain impurities as little
as possible. Then, oxygen that is a main component material
of the oxide semiconductor, which is reduced through the
dehydration treatment (the dehydrogenation treatment), is
supplied (also referred to peroxide treatment), whereby the
oxygen vacancy can be filled.

The conductive film 622 may be formed of a film including
an element selected from tantalum (Ta), tungsten (W), tita-
nium (T1), molybdenum (Mo), aluminum (Al), copper (Cu),
chromium (Cr), and neodymium (Nd); or an alloy material or
compound material mainly containing any of the elements by
a physical vapor deposition (PVD) method such as a vacuum
evaporation method or a sputtering method, or a chemical
vapor deposition (CVD) method such as a plasma CVD
method. Further, as a conductive film, a semiconductor film
typified by a polycrystalline silicon film doped with an impu-
rity element such as phosphorus or an AgPdCu alloy film may
be used.

Note that when a metal film (that is, the conductive film
622) in contact with the oxide semiconductor film 620 is
formed using a metal with high oxygen affinity, oxygen is
easily extracted from the oxide semiconductor film 620; thus,
the oxide semiconductor film 620 may have a change in its
composition.

Therefore, the conductive film 622 in contact with the
oxide semiconductor film 620 is preferably formed using a
metal with low oxygen affinity. For example, a tungsten film,
atitanium film, or a molybdenum film can be used. In the case
where the conductive film 622 has a stacked-layer structure,
for at least a layer of the conductive film 622 in contact with
the oxide semiconductor film 620, a metal with low oxygen
affinity is preferably used, and for the other layers, the above
material, for example, a low-resistance conductive material
such as aluminum or copper, is preferably used.

The gate insulating film 624 may be formed using a method
and a material similar to those of the insulating film 619 and
is preferably a film from which oxygen is released by heat
treatment as well as the insulating film 619.

The gate electrode 626 may be formed using a method and
a material similar to those of the conductive film 622.

Note that at least a film of the gate electrode 626 in contact
with the gate insulating film 624 is preferably a film of a
material having a work function higher than that of a material
of the oxide semiconductor film 620. As the film, a metal
oxide film containing nitrogen such as an In—Ga—7n—0
film containing nitrogen, an In—Sn—O film containing
nitrogen, an In—Ga—O film containing nitrogen, an
In—7n—0O film containing nitrogen, a Sn—O film contain-
ing nitrogen, an In—O film containing nitrogen, or a metal
nitride (e.g., InN or SnN) film or the like can be used. These
films each have a work function higher than or equal to 5 eV
(electron volts), preferably higher than or equal to 5.5 eV
(electron volts); thus, when these are used for the gate elec-
trode, the threshold voltage of the transistor can be positive.
Accordingly, what is called a normally-off switching element
(in this embodiment, the first transistor 510 corresponds to the
normally-off switching element) can be provided.

Note that as shown in FIG. 6A, a plurality of interlayer
films (interlayer films 614 and 618 in the drawing) or a con-
ductive film (a conductive films 616 in the drawing) may be
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formed between the layer where the second transistor 512 is
formed and the layer where the first transistor 510 is formed.

The interlayer film 614, the interlayer film 618, and the
conductive film 616 may be formed using a known method
and a known material, which are generally used as an inter-
layer film or a conductive film. Note that the first transistor
510 is formed over the interlayer film 618; therefore, it is
preferable that the interlayer film 618 be subjected to pla-
narization treatment (e.g., CMP treatment) after the interlayer
film 618 is formed, whereby the planarity of the surface ofthe
interlayer film 618 is improved.

An OS transistor can be formed so that a plurality of layers
or a plurality of conductive films is interposed between the
OS transistor and another transistor; therefore, the degree of
flexibility in the circuit configuration can be increased.

Further, as shown in FIG. 6 A, a plurality of interlayer films
(interlayer films 628, 632, 636, and 640 in the drawings) or a
plurality of conductive films (conductive films 630, 634, and
638 in the drawings) may be formed over the first transistor
510.

The interlayer films 628, 632, 636, and 640 and the con-
ductive films 630, 634, and 638 may be formed using a known
method and a known material, which are generally used as an
interlayer film or a conductive film.

The OS transistor can be formed using the plurality of
layers or the plurality of conductive film as an upper layer as
described above; therefore, the length in the thickness direc-
tion of a through wiring which is used for connection of the
OS transistor and another transistor can be reduced. Also in
terms of this point, it can be said that the degree of flexibility
in the circuit configuration can be increased. Further, it can be
said that the through wiring is easily formed.

Note that the first transistor 510 described above includes
the conductive film 622 serving as the source or the drain and
the gate electrode 626 over the oxide semiconductor film 620,
which is what is called a top-gate top-contact (TGTC) struc-
ture; however, the structure of the first transistor 510 is not
limited to the structure.

For example, the first transistor 510 may have a top-gate
bottom-contact (TGBC) structure in which the conductive
film 622 serving as the source or the drain is formed under the
oxide semiconductor film 620.

Further, as shown in FIG. 6B, the first transistor 510 may
include the gate electrode 626 under the oxide semiconductor
film 620 with the gate insulating film 624 interposed therebe-
tween, which is a bottom-gate top-contact (BGTC) structure.
Further, the first transistor 510 may include the conductive
film 622 serving as the source or the drain under the oxide
semiconductor film 620 in FIG. 6B, which is a bottom-gate
bottom-contact (BGBC) structure.

The conductive film 622 serving as the source or the drain
may be directly connected to the conductive film 625 formed
of the same material as the gate electrode 626 as shown in
FIG. 6B so that leading of the source and the drain is per-
formed using the conductive film 622; alternatively, leading
of the source and the drain may be performed using the
conductive film 625. In the case where leading is performed
using the conductive film 625, leading of a wiring can be
performed without drawing the conductive film to the above
unlike FIG. 6A (e.g., without drawing the conductive film 622
over the interlayer film 628 using the conductive film 630);
thus, the number of masks to be used can be suppressed. In
addition, leading of a wiring is performed using both the
conductive film 622 and the conductive film 625, so that
wiring resistance can be further reduced. As in FIG. 6A, the
conductive film 625 is not necessarily formed.
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At least a portion of the gate insulating film 624 which is
over the conductive film 625 needs to be removed so that the
conductive film 622 and the conductive film 625 are directly
connected to each other. With this removal, the gate electrode
626 may be exposed (in a state where a film is not formed over
the surface of the gate electrode 626). In this case, when the
conductive film 622 is formed by etching treatment or the
like, a material which is less easily etched than the conductive
film 622 is preferably formed over the surface of the gate
electrode 626 so that the gate electrode 626 is not etched
away.

Furthermore, as shown in FIG. 6C, the first transistor 510
may have a structure where a back gate electrode 629 is
formed over the oxide semiconductor film 620 with an insu-
lating film 627 interposed therebetween. With the structure
including the back gate electrode 629, even when the first
transistor 510 is in a normally-on state (here, the term “nor-
mally-on state” means that the transistor is turned on when
power supply voltage is not supplied), power supply voltage
is supplied to the back gate electrode 629 as appropriate,
whereby the threshold voltage of the first transistor 510 can be
shifted to keep the first transistor 510 in a normally-off state
(here, the term “normally-off state” means that the transistor
is turned off when power supply voltage is not supplied).

When the conductive film 622 is formed by processing the
conductive film, the distance between the conductive films
622 (which corresponds to a region 623) can be reduced by
the use of an electron beam drawing equipment (also referred
to as electron beam (EB) lithography system); thus, the first
transistor 510 which is reduced in size can be easily formed.

The above is the description of the structure of the memory
cell in which an OS transistor is used for a part of the com-
ponent and which has nonvolatile properties.

Embodiment 4

A central processing unit disclosed in this specification can
be applied to a variety of electronic devices (including game
machines). Examples of the electronic devices include dis-
play devices of televisions, monitors, and the like, lighting
devices, desktop information terminals and notebook infor-
mation terminals, word processors, image reproduction
devices which reproduce still images or moving images
stored in recording media such as digital versatile discs
(DVDs), portable compact disc (CD) players, radio receivers,
tape recorders, headphone stereos, stereos, cordless phone
handsets, transceivers, portable wireless devices, cellular
phones, car phones, portable game machines, calculators,
portable information terminals, electronic notebooks, e-book
readers, electronic translators, audio input devices, cameras
such as video cameras and digital still cameras, electric shav-
ers, high-frequency heating appliances such as microwave
ovens, electric rice cookers, electric washing machines, elec-
tric vacuum cleaners, air-conditioning systems such as air
conditioners, dishwashers, dish dryers, clothes dryers, futon
dryers, electric refrigerators, electric freezers, electric refrig-
erator-freezers, freezers for preserving DNA, smoke detec-
tors, radiation counters, and medical equipment such as dia-
lyzers. Further, the examples include industrial equipment
such as guide lights, traffic lights, belt conveyors, elevators,
escalators, industrial robots, and power storage systems. In
addition, oil engines, moving objects driven by electric
motors using power from the non-aqueous secondary batter-
ies, and the like are also included in the category of electronic
devices. Examples of the moving objects include electric
vehicles (EV), hybrid electric vehicles (HEV) which include
both an internal-combustion engine and a motor, plug-in
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hybrid electric vehicles (PHEV), tracked vehicles in which
caterpillar tracks are substituted for wheels of these vehicles,
motorized bicycles including motor-assisted bicycles, motor-
cycles, electric wheelchairs, golf carts, boats or ships, sub-
marines, helicopters, aircrafts, rockets, artificial satellites,
space probes, planetary probes, spacecrafts, and the like.
Specific examples of these electronic devices are illustrated in
FIGS. 9A to 9E.

FIG. 9A illustrates a portable information terminal which
includes a housing 2101, a housing 2102, a first display por-
tion 2103 a, a second display portion 21035, and the like. A
central processing unit is incorporated as a part in the housing
2101 and the housing 2102. By employing the structure of the
central processing unit and the driving method described in
any of the above embodiments in the central processing unit,
the portable information terminal can achieve low-power
consumption.

At least one of the first display portion 2103« and the
second display portion 21036 is a touch panel, and for
example, as illustrated in the left in FIG. 9A, which of “touch
input” and “keyboard input” is performed can be selected by
selected buttons 2104 displayed on the first display portion
2103a. Since the selected buttons with a variety of sizes can
be displayed, the portable information terminal can be easily
used by people of any generation. In the case where “touch
input” is selected, for example, a keyboard 2105 is displayed
on the first display portion 2103« as illustrated in the right in
FIG. 9A. With the keyboard 2105, letters can be input quickly
by keyboard input as in the case of using a conventional
information terminal, for example.

In the portable information terminal illustrated in FIG. 9A,
the housing 2101 provided with the first display portion
2103a and the housing 2102 provided with the second display
portion 21035 can be separated as in the right part of FIG. 9A.
Thus, the portable information terminal can be used as a
lighter portable information terminal by detaching one of the
housing 2101 and the housing 2102 as necessary.

The portable information terminal in FIG. 9A can have a
function of displaying a variety of data (e.g., a still image, a
moving image, and a text image) on the display portion, a
function of displaying a calendar, a date, the time, or the like
on the display portion, a function of operating or editing data
displayed on the display portion, a function of controlling
processing by various kinds of software (programs), and the
like. Furthermore, an external connection terminal (an ear-
phone terminal, a USB terminal, or the like), a recording
medium insertion portion, and the like may be provided on the
back surface or the side surface of the housing.

In addition, the portable information terminal illustrated in
FIG. 9A may transmit and receive data wirelessly. Through
wireless communication, desired book data or the like can be
purchased and downloaded from an electronic book server.

Further, the housing 2101 or the housing 2102 illustrated in
FIG. 9A may be equipped with an antenna, a microphone
function, or a wireless communication function, so that the
portable information terminal may be used as a mobile phone.

FIG. 9B illustrates an example of an e-book reader. For
example, an e-book reader 2120 includes two housings of a
housing 2121 and a housing 2123. The housing 2121 and the
housing 2123 are combined with a hinge 2122 so that the
e-book reader 2120 can be opened and closed with the hinge
2122 as an axis. With such a structure, the e-book reader 2120
can operate like a paper book.

A display portion 2125 and a display portion 2127 are
incorporated in the housing 2121 and the housing 2123,
respectively. The display portion 2125 and the display portion
2127 may display one image or different images. In the case
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where the display portion 2125 and the display portion 2127
display different images, for example, text can be displayed
ona display portion on the right side (the display portion 2125
in FIG. 9B) and images can be displayed on a display portion
on the left side (the display portion 2127 in FIG. 9B).

A central processing unit is incorporated as a part in the
housing 2121 and the housing 2123. By employing the struc-
ture of the central processing unit and the driving method
described in any of the above embodiments in the central
processing unit, the e-book reader 2120 can achieve low-
power consumption.

FIG. 9B illustrates an example in which the housing 2121
is provided with an operation portion and the like. For
example, the housing 2121 is provided with a power switch
2126, an operationkey 2128, a speaker 2129, and the like. The
page can be turned with the operation key 2128. Note that a
keyboard, a pointing device, or the like may also be provided
on the surface of the housing, on which the display portion is
provided. Furthermore, an external connection terminal (an
earphone terminal, a USB terminal, or the like), a recording
medium insertion portion, and the like may be provided on the
back surface or the side surface of the housing. Further, the
e-book reader 2120 may have a function of an electronic
dictionary.

The e-book reader 2120 may be configured to transmit and
receive data wirelessly. Through wireless communication,
desired book data or the like can be purchased and down-
loaded from an electronic book server.

FIG. 9C illustrates a smartphone, which includes a housing
2130, a button 2131, a microphone 2132, a display portion
2133 provided with a touch panel, a speaker 2134, and a
camera lens 2135 and functions as a mobile phone.

A central processing unit is incorporated as a part in the
housing 2130. By employing the structure of the central pro-
cessing unit and the driving method described in any of the
above embodiments in the central processing unit, the smart-
phone can achieve low-power consumption.

The display portion 2133 changes the direction of display
as appropriate depending on a use mode. Since the camera
lens 2135 is provided on the same plane as the display portion
2133, videophone is possible. The speaker 2134 and the
microphone 2132 can be used not only for voice calls, but also
for video phone calls, recording, playing sound, and the like.

An external connection terminal 2136 can be connected to
an AC adapter and various types of cables such as a USB
cable, and charging and data communication with an infor-
mation terminal are possible. Furthermore, a large amount of
data can be stored and moved by inserting a storage medium
into the external memory slot (not illustrated).

Further, in addition to the above functions, an infrared
communication function, a television reception function, or
the like may be provided.

FIG. 9D illustrates a digital video camera which includes a
housing 2141, a display portion 2142, an operation switch
2143, a battery 2144, and the like.

A central processing unit is incorporated as a part in the
housing 2141. By employing the structure of the central pro-
cessing unit and the driving method described in any of the
above embodiments in the central processing unit, the digital
video camera can achieve low-power consumption.

FIG. 9E illustrates an example a television set. In a televi-
sion set 2150, a display portion 2153 is incorporated in a
housing 2151. The display portion 2153 can display images.
In this example, the housing 2151 is supported by a stand
2155.

A central processing unit is incorporated as a part in the
housing 2151. By employing the structure of the central pro-
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cessing unit and the driving method described in any of the
above embodiments in the central processing unit, the televi-
sion set 2150 can achieve low-power consumption.

The television set 2150 can be operated with an operation
switch of the housing 2151 or a separate remote controller.
Further, the remote controller may be provided with a display
portion for displaying data output from the remote controller.

Note that the television set 2150 is provided with a receiver,
a modem, and the like. Moreover, when the display device is
connected to a communication network with or without wires
via the modem, one-way (from a sender to a receiver) or
two-way (between a sender and a receiver or between receiv-
ers) information communication can be performed.

This embodiment can be combined with any of the other
embodiments as appropriate.

This application is based on Japanese Patent Application
serial no. 2012-126064 filed with Japan Patent Office on Jun.
1, 2012, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A central processing unit comprising:

a cache memory comprising a first cache line and a second

cache line; and
apower controller configured to supply power supply volt-
age to a tag field of the first cache line whose valid bit
stores information that data stored in the tag field of the
first cache line is valid and not to supply power supply
voltage to atag field of the second cache line whose valid
bit stores information that data stored in the tag field of
the second cache line is invalid,
wherein the valid bit of the first cache line, the tag field of
the first cache line, the valid bit of the second cache line,
and the tag field of the second cache line each comprises
a first transistor whose channel formation region com-
prises an oxide semiconductor.
2. The central processing unit according to claim 1,
wherein the cache memory further comprises a third cache
line whose valid bit stores information that data stored in
a tag field of the third cache line is valid, and

wherein the power controller is configured to supply power
supply voltage to a data field of the first cache line whose
tag field stores an address of data required by an arith-
metic unit and not to supply power supply voltage to a
data field of the third cache line whose tag field does not
store an address of data required by the arithmetic unit.

3. The central processing unit according to claim 1,

wherein the valid bit of the first cache line, the tag field of

the first cache line, the valid bit of the second cache line,
and the tag field of the second cache line each comprises
a second transistor whose channel formation region
comprises silicon, and

wherein a gate of the second transistor is electrically con-

nected to a source or drain of the first transistor.

4. The central processing unit according to claim 3,

wherein an insulating layer is located over the second

transistor, and

wherein the first transistor is located over the insulating

layer.

5. The central processing unit according to claim 1,
wherein the valid bit of the first cache line, the tag field of the
first cache line, the valid bit of the second cache line, and the
tag field of the second cache line each comprises a capacitor
electrically connected to a source or drain of the first transis-
tor.

6. The central processing unit according to claim 1,
wherein an insulating layer is in contact with the channel
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formation region, the insulating layer being capable of sup-
plying oxygen to the channel formation region.

7. The central processing unit according to claim 1,
wherein the first transistor comprises:

a conductive layer over and electrically connected to the

channel formation region; and

a gate electrode over the channel formation region.

8. The central processing unit according to claim 1,
wherein the channel formation region comprises indium, gal-
lium, zinc, and oxygen.

9. A central processing unit comprising:

a cache memory comprising a plurality of cache lines each
including a data field configured to store part of data in a
main memory unit, a tag field configured to store man-
agement information on data stored in the data field, and
avalid bit configured to store information of whether the
data stored in the data field is valid or invalid and
whether the management information stored in the tag
field is valid or invalid;

apower controller configured to determine whether power
supply voltage is supplied to the data field or not,
whether power supply voltage is supplied to the tag field
or not, and whether power supply voltage is supplied to
the valid bit or not; and

an arithmetic unit configured to make a first determination
in which whether the data stored in the valid bit is valid
or invalid is determined and a second determination in
which whether an address of data required corresponds
to data stored in the tag field or not, and output a result of
the first determination and a result of the second deter-
mination to the power controller,

wherein the data field, the tag field, and the valid bit each
comprises amemory cell capable of holding written data
or written information even when power supply voltage
is not supplied, and

wherein when data transmission and reception between the
arithmetic unit and the cache memory is not performed,
the power controller is configured to stop supply of
power supply voltage to the data field, the tag field, and
the valid bit; and when data transmission and reception
between the arithmetic unit and the cache memory is
performed, the power controller is configured to perform
supply of power supply voltage to the valid bit, to the tag
field in the cache line which is determined that the data
stored in the valid bit is valid by the first determination,
and to the data field in the cache line which is determined
that the address of data required corresponds to the data
stored in the tag field by the second determination.

10. The central processing unit according to claim 9,
wherein the power controller is configured to stop supply of
power supply voltage to the valid bit after making the first
determination or at the time of making the first determination.

11. The central processing unit according to claim 9,
wherein the power controller is configured to stop supply of
power supply voltage to the tag field after making the second
determination or at the time of making the second determi-
nation.
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12. A method for driving a central processing unit,

wherein the central processing unit comprises:

a cache memory comprising a plurality of cache lines each
including a data field configured to store part of dataina
main memory unit, a tag field configured to store man-
agement information on data stored in the data field, and
avalid bit configured to store information of whether the
data stored in the data field is valid or invalid and
whether the management information stored in the tag
field is valid or invalid;

a power controller configured to determine whether power
supply voltage is supplied to the data field or not,
whether power supply voltage is supplied to the tag field
or not, and whether power supply voltage is supplied to
the valid bit or not; and

an arithmetic unit configured to make a first determination
in which whether the data stored in the valid bit is valid
or invalid is determined and a second determination in
which whether an address of data required corresponds
to data stored in the tag field or not, and output a result of
the first determination and a result of the second deter-
mination to the power controller,

wherein the data field, the tag field, and the valid bit each
comprises amemory cell capable ofholding written data
or written information even when power supply voltage
is not supplied,

the method comprising:

by the power controller, stopping supply of power supply
voltage to the data field, the tag field, and the valid bit
when data transmission and reception between the arith-
metic unit and the cache memory is not performed; and

performing first to sixth processings when reading data
stored in the cache memory by the arithmetic unit,

wherein by the power controller, supplying power supply
voltage to the valid bit, in first processing,

wherein by the arithmetic unit, making the first determina-
tion and outputting the result of the first determination to
the power controller, in second processing,

wherein by the power controller, supplying power supply
voltage to the tag field in the cache line which is deter-
mined to be valid in the second processing, in third
processing,

wherein by the arithmetic unit, making the second deter-
mination and outputting the result of the second deter-
mination to the power controller, in fourth processing,

wherein by the power controller, supplying power supply
voltage to the data field in the cache line which is deter-
mined to be corresponding, in fifth processing, and

wherein by the arithmetic unit, reading the data in the data
field to which power supply voltage is supplied in the
fourth processing, in sixth processing.

13. The method for driving a central processing unit
according to claim 12, wherein the power controller is con-
figured to stop supply of power supply voltage to the valid bit
after making the first determination or at the time of making
the first determination.

14. The method for driving a central processing unit
according to claim 12, wherein the power controller is con-
figured to stop supply of power supply voltage to the tag field
after making the second determination or at the time of mak-
ing the second determination.
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